Introduction
The conversion of methylglyoxal into IAactate, catalysed by the ubiquitous glyoxalase system, provides cells with an efficient pathway to eliminate the potentially toxic methylglyoxal. The glyoxalase system consists of two enzymes, glyoxalase I (EC 4.4.1.5) and glyoxalase I1 (EC 3.1.2.6), and a required cofactor glutathione (GSH); the conversion of methylglyoxal into IAactate represents an internal redox reaction with no net consumption or production of other reactants or products [ 1-51 : C;lyoxalasz 1 K , 3 MeCOCHO + GSH * MeCOCH(0H)-SG-~; l y~~x ; l l ; l s~
II

MeCH(0H)CO-SG -MeCH(OH)CO,H + GSH
The cofactor role of glutathione is unusual in that glutathione reacts nonenzymically with methylglyoxal to form a hemithioacetal which is the actual substrate for glyoxalase I. The dissociation constant K,, for the hemithioacetal of 3 x 10-jM is in the range of the intracellular concentration of glutathione; therefore the fraction of methylglyoxal that exists as the hemithioacetal is markedly dependent upon the glutathione concentration, especially because the flux of methylglyoxal produced intraAbbreviations used: DNTB, 5,5'-dithio-bk-(2-nitrobenzoic acid); GSH, glutathione. cellularly is in the low pmolar range [6] . The net result is that the efficiency of the glyoxalase system will decrease as the glutathione concentration decreases, which may have important consequences under conditions of oxidative stress such as diabetes [7] .
Cellular sources and disposition of meth y Igl yoxal
Although there has been speculation for many years that either methylglyoxal or S-( 1))-lactoylglutathione, the product of the glyoxalase I reaction, may have important intracellular roles [8, 91, there is little support for the idea that the production of methylglyoxal in eukaryotes is a regulated process. Methylglyoxal appears primarily to be a byproduct of carbohydrate and lipid metabolism, as summarized in Figure 1 . Methylglyoxal is produced nonenzymatically from triose phosphates [6] Z-propanediol [7, 21, 221 ; both acetol and propanediol have been reported to accumulate to near millimolar levels in type I diabetics with severe ketoacidosis, which suggests that the aldosereductase pathway can be an important pathway for the metabolism of methylglyoxal [ 161. In general, however, it is the glyoxalase system that provides the main pathway that protects from methylglyoxal, due both to the ubiquitous presence of this system and to its high activity compared with the other known pathways for the metabolism of methyl- [4, 261 . The exception appears to be in tumour cells, where glyoxalase I1 is often at low levels [27] . Glyoxalase I1 exists primarily in the cytosol with some activity in the mitochondria, which appears to be the product of a separate gene
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[281.
Molecular properties of glyoxalase II
Glyoxalase I1 from a wide variety of sources, including mammals, birds, reptiles, plants and yeast is a 18-30 kDa monomeric protein, with isoelectric points generally above pH 7 [9, 261. Purified glyoxalase I1 is unstable, but can be stabilized with glycerol. The enzyme has been purified to homogeneity from a variety of sources and consistently shows a specific activity of 600-900 pmol/ min/mg [29-331, except for yeast glyoxalase 11, which has specific activity 1.34 pmol/min/mg [34] and glyoxalase I1 from corn, which has specific activity 65 pmol/min/mg [35] .
Substrate specificity and kinetic constants
The substrate specificity of glyoxalase I1 has been studied in detail only with the enzyme from human liver [29] . However, the properties of glyoxalase I1 from other mammalian sources appear to be similar to those for glyoxalase I1 from human liver. Glyoxalase I1 shows a broad specificity for thiol esters of glutathione, but exhibits a high specificity for the glutathione moiety. Other thiol esters, such as esters of coenzyme A or thioglycolate and oxygen esters are not substrates [29] . S-Lactoylglutathione is generally the preferred substrate. There is no requirement for hydroxyl groups on the C-2 carbon. However, 2-hydroxyacyl thiol esters of glutathione are generally the best substrates. SMandeloylglutathione, which is a substrate for both human and rat glyoxalase I1 [29, 361, gives a tenfold lower KM, suggesting that there may be a hydrophobic pocket at the active site. However, the lower KM with this substrate may reflect a change in the contribution of the catalytic rate constant, k,, to KM (Figure 2 ). With S-lactoylglutathione as a substrate, glyoxalase I1 from many sources shows kc,,/ KM values of about 10' M-' min-'. The effects of viscosity on the kinetic parameters of glyoxalase I1 lead to the conclusion that the hydrolysis of Slactoylglutathione, catalysed by glyoxalase 11, is partially diffusion limited, such that k,,,/K, is with an estimated k,,,/KM-2x 10" M-' min-l at zero ionic strength [37] . This value is close to the theoretical limit for a diffusion-limited reaction and supports the conclusions drawn from the viscosity study further.
Inhibitors of glyoxalase II
Glyoxalase I1 is inhibited weakly by glutathione 1291, but is inhibited strongly by the hemithioacetal substrate of glyoxalase I formed from methylglyoxal and glutathione [29, 31, 34, 38, 391 Glyoxalase I1 is insensitive to diisopropylphosphofluoridate 1291 and phenylmethanesulphonic acid [36] , suggesting that glyoxalase I1 is not a serine-dependent hydrolase. In
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addition glyoxalase I1 is not inhibited by leupeptin or chymostatin which are classical inhibitors of serine proteinases. Glyoxalase I1 from human liver is only inhibited partially by HgCl,, p-hydroxymercuribenzoate, 5,S-dithio-bis-(2-nitrobenzoic acid) (DTNR; Ellmann's reagent), N-ethylmaleimide and iodoacetate [29] . Glyoxalase I1 from rat erythrocytes is insensitive to DNTB, but is inactivated slowly by N-ethylmaleimide; however, competitive inhibitors do not protect against inactivation [36] . Glyoxalase I1 is not inhibited by E64 or antipain. These results suggest that glyoxalase I1 is not a cysteine-dependent hydrolase, but that modifying cysteine residues away from the active site can affect enzyme activity. EDTA, EGTA and 8-hydroxyquinoline do not affect glyoxalase I1 from human liver [29] . Glyoxalase I1 from rat erythrocytes is inactivated by dialysis in the presence of chelating agents. However, metal ions did not reactivate the enzyme. In addition the enzyme is not stable to dialysis in the absence of chelating agents [36] . Glyoxalase I1 is not inhibited by phosphoamidon, a classical inhibitor of metalloproteinases. These results suggest that glyoxalase I1 is not a metallohydrolase. Collectively these observations suggest that glyoxalase I1 may have a mechanism that is fundamentally different than those of known esterases and proteinases.
Characterization of the molecular mechanism of glyoxalase II
Isotope effects
The glyoxalase 11-catalysed hydrolysis of S-lactoylglutathione in Id20 and DLO shows only a small solvent-isotope effect, k,,, (€120)/kcilt (I1,O) = 1.24; K,,(€120)/K,,(D20)= 1.42 [MI. These results, which are independent of pH in the range 6-8, suggest that general acid-general base catalysis is not important in the rate-determining step. Therefore a mechanism where an active site residue participates in the nucleophilic attack of water on the thiol ester substrate does not appear to be involved.
N.m.r. studies
Thiol esters have labile a-hydrogens, which raises the possibility that glyoxalase I1 might use a carbanion (ElcB) mechanism in which the a-hydrogen is removed, followed by the elimination of glutathione to generate a ketene intermediate. The hydrolysis of S-a-deuteriomandeloylglutathione catalysed by glyoxalase I1 does not lead to the loss of the deuterium, based on n.m.r. studies (361, suggesting that an E 1 cH mechanism is not involved. The possibility exists, however, that a highly shielded general base is involved in the removal of the proton and that this proton does not exchange rapidly with solvent, but rather is added back to the ketene intermediate.
pH and rate studies
Glyoxalase I1 from human liver shows a broad pH optimum, pH 6. 8-7.5 [29] . Activity decreases above pH 7.5, although the enzyme is stable, suggesting that a group with a dissociable proton is important above pH 7.5. It is not known whether this putative group is on the enzyme or on the substrate, nor whether it affects binding or catalysis. For bovineliver glyoxalase 11, k,,, exhibits an apparent p K of 7.8; in addition, the binding of inhibitors is sensitive to a group of pK 7.2 that appears to be at the substrate site [43] . Glyoxalase I1 from rat erythrocytes behaves somewhat differently; k,,, is pH-independent in the range pH 6-9.3, while K,, (and k,,, / K h l )
shows dependence on a group with a pK of 8.87, which has been assigned to a group on the free enzyme [36] .
Evidence for an active-site amine
Glyoxalase I1 from human liver and from rat erythrocytes is inactivated by 2,4,6-trinitrobenzenesulphonate [29, 361. The pH dependence of this reaction suggests the involvement of a group with an apparent p K of 8.95, which is similar to the p K determined from the pH studies. The competitive inhibitor N-acetyl-S-(p-bromobenzy1)glutathione protects glyoxalase I1 from inactivation by 2,4,6-trinitrobenzenesulphonate, suggesting that an active site group is being modified. These studies support the presence of an active-site amine with an apparent pK-8.9 [36] .
Evidence for an active-site arginine Glyoxalase I1 from rat erythrocytes is inactivated by phenylglyoxal at pH 8 and is protected from inactivation by the competitive inhibitor S-(p-chlorophenacyl)glutathione, which suggests that there is an arginine residue at the active site that may be important in substrate binding [ 361. Similar results were obtained in studies of two forms of glyoxalase I1 from rat liver and brain [46] .
Evidence for an active-site histidine
Rat-erythrocyte glyoxalase I1 is inactivated by diethylpyrocarbonate at pH 6, at which this reagent is quite specific for histidine. N-Acetyl-S-(p-bromobenzy1)glutathione gave some protection from inactivation [%] . The modified enzyme was not reactivated with hydroxylamine. In similar studies . These studies support the conclusion that there is a critical histidine residue at the active site. Rat glyoxalase I1 is also photoinactivated by singlet oxygen with Methylene Blue as a sensitizer [36, 461.
Competitive inhibitors or slow substrates protect against inactivation. These studies support further the conclusion that there is an active-site histidine residue. Glyoxalase I1 is not inactivated by the tyrosine-specific reagent tetranitromethane nor by the tryptophan-specific reagent 2-hydroxy-5-nitrobenzylbromide [ 361. Since both tyrosine and tryptophan can be modified by singlet oxygen, these results strengthen the conclusion that the photoinactivation of glyoxalase I1 involves an activesite histidine residue being modified.
Summary
The mechanism that has been proposed for glyoxalase I1 [36] is summarized in Figure 3 . It involves direct nucleophilic attack of an active-site histidine on the thiol ester substrate to form an acylimidazole intermediate which then rapidly hydrolyses. This is consistent with the known susceptibility of thiol esters to aminolysis and with the lability of acyl-imidazoles [47].
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